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BY OPEN-CUP AND LAB3HATOEY-BUEHES SMOKE TESTS 
B 7 Earl S. Eberaole and Henry C. Barnett 


I1TTRGDUCTI0F 

At the request of the Air Technical Service Command, Amy 
Air Forces, the Cleveland laboratory of the HAGA is conducting 
tests in an I-1 j combustion chamber to obtain performance data 
on a variety of hydrocarbon fuels. 

Inasmuch as the smoking tende icy of jet-propulsion fuels 
is of interest, a laboratory program has been conducted to ob- 
tain data on the smoking behavior of fuels- The results of 
open-cun smoke tests of 25 hydrocarbon fuels and of two series 
of nrepared blends are presented. In order to determine tho 
effect of fuel-air ratio ns well as hydrocarbon cIhdo cn the 
smoking behavior of fuels, 21 hydrocarbons were tested in a 
laboratory burner at fuel-sir ratios ranging from C.C>£? to 
0.119. The results of these controlled-burning smoke tests are 
also presented. Correlation with data from full-scale jet- 
propulsion tests will be necessary to determine the applica- 
bility of the results. 


APPARATUS AMD TES' 7 PROCEDURE 

Open-cun tests . - The apparatus used in the open-cup tests 
is ahovm schematically in figure 1. A 3~niilliliter sample of 
the fuel to be tested was placed in the open cup and ignited 
with an open flame. Smoke passing up the chimney absorbed a 
portion of the light beam from the light source. The effect of 
this light absorption on the photoelectric cell was registered 
by the recording microammeter. Before each test, the recording 
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microammeter was adjusted to zero, if necessary, "by varying the 
resistance in the lamp circuit. A check run was made on each 
fuel. The readings in microamperes were converted to percentage 
light absorbed b 7 means of the calibration curve shown in figure 
2. In the calibration of the recording instrument the light 
beam was interrupted with screens of varying mesh. The trans- 
mission through these screens wan measured in a standard spec- 
trophotometer using light with a wavelength of approximately 
6000 A. The percentage light absorbed was then plotted against 
microampere readings to obtain the calibration curve. 

Each of 25 hydrocarbon ftiels was burned in an open cup in 
order to determine smoking characteristics. In each test the 
burning rate of the fuel was determined by measuring the time 
required to burn a 3-milliliter sample. 

The fuels tested included representative hydrocarbons of 
the pari.ffinic, cycloparaf f inic , olefinic, and aromatic classes 
as veil as mixed fuels. Kerosene and the same kerosene from 
which aromatics had been removed wore included in the mixed 
fuels tested. Ti-o series of binary blends consisting of toluene 
in hydrogenated triisobutylene and triisobutylene in hydrogen- 
ated tri isobutylene were tested over the range of concentrations 
from 0 to ICO percent. 

Laboratory-burner tests . - Th.9 burner and the auxiliary 
apuaratua used in the laboratory-burner tests are shown schemat- 
ically in figure 3* Primary air was passed through the pre- 
heater ot a constant flow rate of 4.1 +0.1 liters per minute. 
Secondary air was introduced at the base of the burner at a 
constant flow rate of 10.4 +0.2 liters per minute. The fuel to 
be tested was placed in a graduated burette, which was modified 
to give lov: and constant flow rates. (See reference 1.) The 
fuel was then admitted to tho primary air Btream and was vapor- 
ized and mixed with the primary air in the preheater at a tem- 
perature of 180° to 200° E above the boiling point of the hydro- 
carbon. After the fuel was ignited through the small hole in 
the side of the chimney, the hole waB sealed off by means of p. 
slip ring. 

The flow rate of the air was maintained at l4«5 ±0.3 liters 
per minute for all fuel-air ratios. Tho fuel-air ratio was 
varied by changing the flow rate of the fuel from the graduated 
burette. The rate of fuel flow was measured by determining to 
the nearest 0.01 minute the time required for a given volume 
(0.825 ml) to flow from the burette. 
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Each of 21 fuels Including representative hydrocarbons of 
paraffinic, cycloparaf f inic , olefinic, aromatic, and di cyclic 
classes was tested for smoking tendency at various fuel-air 
ratios. -Smoke particle size was not measured in these tests. 


DISCUSSION OE RESULTS 

Open-cup tests . - The results of the open-cig) smoke tests 
are presented in table I. Smoke is reported as percentage light 
absorbed. Total smoke from a 3-milliliter sample was determined 
by measuring the area under the curve traced by the recording 
microemneter. Values of average smoke were computed by dividing 
the total smoke by the burning time. Values of peak smoke were 
obtained by visually averaging the deflections in the highest 
portion of the curve. 

The data in table I Bhow that, with the exception of the 
cycloparaffins, the fuels of a given hydrocarbon class gave 
readings within a range of S percent light absorbed arid that 
the arjmatics gave higher readings than the other classes. The 
greater smoking tondeney of the aromatics can be further shown 
by the tests on kerosene and dearo.natized kerosene. Keroscno 
gave a peak value of 21 percent light absorbed as compared v'lth 
5 percent for doaromatized kerosene. 

In order to ascertain the effect of burning rate on the 
smoking tendency, average smoke ( percentage light absorbed) 
was plotted against burning rato (grams per min) in figure 4. 
Both test run and check run for each fuel are plotted. The 
five-carbon ring cycloys&raff ins are not shown in this figure 
because data we re obtained for only two compounds in this series. 
It can be seen ir. table I that considerable difference in 
smoking tendency was found between the five-carbon ring and the 
six-carbon ring cycloparaffins. The fuels tested (fig. 4) show 
that tho type of hydrocarbon exerts a much greater influence 
on the smoking tendency than does the burning rate of the fuol. 

Eigure 5 shows the variation of the burning rate of the 
fuels with boiling point. As in figure 4 both test and check 
runs are plotted. Eor the fuels tested, tho burning rate of hy- 
drocarbons within a given class decreased with increasing 
boiling point. It is of interest that two fuels of differont 
classes with different boiling points will bum at the same rate; 
for example, from the curves of figure 5* a paraffinic hydro- 
carbon with a boilirg point of 176 ° E will burn at approximately 
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the same rate as an aromatic hydrocarbon with a boiling point 

of 305° !. 

In order to show the relation of smoking tendency and conir- 
position for fuols having equal boiling points, teats were made 
on blends of triisobutylene in hydrogenated triisobutylene. A 
linear relation was obtainod. (See fig. 6.) Figure 7 shows 
the results of tests of two fuels (toluene and, hydrogenated tri- 
isobutylene) having different boiling points. 

Laboratory-burner test a. - The results of the laboratory- 
burner smoke tests are presented in table II together with the 
boiling point end the stoichiometric fuel-air ratio of each fuel 
tested . At the maximum fucl-air ratios that would support com- 
bustion in the burner no smoke was obtained for paraffinic, cy- 
cloparaff inic , or olofinic hydrocarbons with the exception of 
tri isobutylene, which gs-vo detectable smoke at a fuel-air ratio 
of 0.102. 

Aromatic and dicycllc hydrocarbons began Bracking at approx- 
imately their stoichiometric fuel-air ratios. Figures 8 pnd 9 
show the variation of smoko (percentage light absorbed) with 
fuel-air ratio for aromatic and dicyclic hydrocarbons, respec- 
tively. Kerosene is also included in figure 9* Within experi- 
mental error tho smoking tendency appears to be e linear func- 
tion of the fuel-air ratio for aromatic and dicyclic hydrocar- 
bons. Comparison of figures S and 9 indicates that the smoking 
tendency of naphthalonic hydrocarbons is grantor than that of 
aromatic hydrocarbons. 


SITE4AS’ r OF 125 SUITS 

The data obtainod from an investigation of the smoking char- 
acteristics of 25 hydrocarbons indicate tfc^t for 'uncontrolled 
burning in an open cup: 

1. The smoking tendoncy of a hydrocarbon fuel is more 
dependent upon the type of hydrocarbon than upon its boiling 
point cr burning rate. 

2. She burning rate of hydrocarbons within a given class 
tended to decrease with increasing boiling point. 

3. She smoking tendency of a commercial kerosene vas about 
four times that of the same kerosene from which aromatics had 
been removed. 
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Ho suits obtained from controlled- "burning smoke tests indi- 
cate that: 

1. The smoking tendency of hydrocarbon fuels is dependent 
upon both the class of hydrocarbon and the fuel-air ratio. 

2 . Within experimental error the smoking tendency of aro- 
matic and dicyclio hydrocarbons is a linear function of the 
fuol-air ratio. 

The following table summarizes the data obtained: 


OPEN- COP SMO.’OS TESTS 


Class 

Boiling 

noint 

‘(°P) 

1 

Hydrogen- 

carbon 

rrtio 

1 ‘ " 

Fook 

smoke 

(porcont 

light 

absorbed) 

Burning rate 
(groms/min) 

Paraffins 

122 - 23 C 

0 . 1 S 3 - 0 . 19 G 

10-15 

O. 69 -I.O 7 

Six-curb on ring 

178-2,9 

.1^7 

g-13 

. 62 - .85 

cyclopr.iv' ff ins 

122 - 1 Si 

.167 



Eivc-carbon ring 

23-31 

.97-1.13 

cycloparof f ir n 


.IS 7 

40-47 


Olefins 

101-172 

.97-1.33 

Arora- - . tics 

230-323 | 

| . 095 - -111 

68-75 

.75-1.36 


LA30E.iT0RY-3 T 12Iun SMOKE TESTS 


Hydrocarbon 

class 

Bciling- 
po in t 
range 

(°P) 

Stoichiometric 
fuel-uir ratio 

1 

i 

Puel-air-ratid 

range 

1 

Smoke 

(percent 

lifi^-t 

absorbed) 

Paruf f ins 

178-350 

O.O 65 -O.O 00 

o.o64-o.ii4 

0 

Cyclohexanes 

178-270 

.O 67 

. 073 - .115 

0 

Olefins 

133-350 

.067 

. 062 - .103 

o-3 

Aromatics 

176-465 

. 070 - .075 

. 063 - .108 

0-47 

Dicyclics 

365-60G 

. 069 - .O 77 

. 069 - .119 

3-80 


Aircraft Engine Research Laboratory, 

National Advisory Coramittue for Aeronautics, 

Cleveland, Ohio, Juno 20, lf45; Sept. 12, 194-5. 

EEFEHENCE 


1. Zentner, E. Thomas. Dolivory of Liquids at Low and Constant 
Eaton. Ind. and Eng. Ghem. (Anal. ed. ), vol. l 6 , no. 7i 
July 21. 1344. pp. 471-472. 
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TABLE I. - RELATIVE SMOKIES CHARACTERISTICS OF 
VARIOUS FUELS BURNED IN OPEN CUP 


Class of 

Compound 

Peak 

Average 

Total 

Rate of 

Boiling 

Hydrogen- 

hydro- 

smoke 

smoke 

smoke 

burning 

(grams/ 

point 

carbon 

carbon 


observed 

(percent 

(area 

(°F) 

ratio 



(percent 

light 

in sq 

min) 





light 
absorbed ) 

absorbed) 

in. ) 




Paraffins 

2 , 2- Dime thyl- 


10 

1.4 

1.052 

122 

0.196 


butane 


11 

1.7 

1.076 




2,3-Dimethyl- 

IBIS 

11 

2.0 

.941 

137 

.196 


butane 

13 

10 

1.7 

.978 




2,2,3-Tri- 

15 

11 

2.2 

.805 

178 

.192 


methylbutane 

15 

11 

2.4 

.779 




2 , 3-Dlme thyl - 

10 

7 

1.4 

.772 

193 

.192 


pentane 

10 

6 

1.4 

.723 




2,2,3-Tri- 

13 

10 

2.5 

.679 

230 

.189 


me thyl pentane 

11 

8 

2.0 

.688 



jSHJPPHBM 

Cyclopentane 

26 

20 

3.6 

1.125 

122 

0.167 



23 

18 

3.3 

1.125 



■hmotp 

Methylcyclo- 

31 

26 

5.4 

.965 

161 

.167 


pentane 

31 

24 

5.8 

.965 




Cyclohexane 

8 

8 

1.8 

.825 

178 

.167 



10 

7 

1.5 

.849 




Methyl- 

11 

8 


.755 

212 

.167 


cyclohexane 

13 


2.5 

.787 




Ethyl- 

11 

9 

2.8 

.617 

269 

.167 


cyclohexane 

13 

8 

2.3 

.517 



Olefins 

Trimethyl- 

42 

37 

5.8 

1.325 

101 

0.167 


ethylene 

44 

37 

5.8 

1.325 




2,3-Dlmethyl- 

44 

37 

6.4 

1.223 

133 

.167 


butene-1 

43 

37 

6.6 

1.223 




2,3-DImethyl- 

40 

33 

6.9 

1.026 

164 

.167 


butene-2 

42 

35 

7.6 

.968 




Triptene 

46 

38 

8.2 

1.063 

172 

.167 



47 

38 

8.2 

1.063 



Cyclo- 

Methyl- 

50 

41 

8.0 

1.323 

216 

0.143 

olefins 

cyclohexene 

47 

37 

8.1 

1.142 



Aromatics 

Toluene 

71 

50 

10.7 

1.363 

230 

0.095 



68 

49 

11.2 

1.280 




Xylene 

68 

52 

18.3 

.844 

279-288 

.104 


isomers 

75 

57 

19.1 

.893 




n- Propyl- 

70 

52 

18.7 

.816 

320 

.111 


benzene 

70 

54 

19.7 

.816 




m-Ethyl- 

70 

51 

19.4 

.763 

323 

.111 


toluene 

72 

55 

22 .7 

.745 



Mixed 

Virgin 

21 



0.698 

115-298 





fuels 

base stock 
Hot-acid 

13 



.652 

174-257 






octanes 

Trliso- 

35 


340-350 




■ 


butylene* 

Hydrogenated 

16 

335-350 






triiso- 

butylene* 

Kerosene 

21 

302-486 







*> 



( dearo- 








mat! zed ) 
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Listed as mixed fuels because their purity Is questionable. 


L 














































NACA MR No. E5II2 


7 


TABLE I. - SMOKING CHARACTERISTICS OF HYDROCARBON FUELS 
DETERMINED FROM CONTROLLED- BURNING TESTS 


Class of 
hydrocarbon 

Compound 

Boiling 

Stoichi- 
ometric 
fuel- air 
ratio 

Fuel- air- 
ratio range 

Hydrogen- 

carbon 

ratio 

Smoke 

(percent 

light 

absorbed) 

Paraffins 

Triptane 


0.065 

0.067-0.103 

0.191 

0 


Diisopropyl 


.065 

.064- .071 

.195 

0 


Neohexane 


.065 

.070- .085 

.195 

0 


2,2,3-Trlmethyl- 

pentane 


.066 

.074- .063 

.188 

0 


Hydrogenated 

triisobutylene 

335-350 

.066 

.063- .114 

.181 

0 

Cyclohexanes 

Cyclohexane 

178 

.067 

.073- .093 

.167 

0 

Ethylcyclo- 

hexane 

269 

.067 

.073- .115 

.167 

0 

Olefins 

2,3-Dlmethyl- 

butene-1 

133 

.067 

.060- .096 

.167 

0 


2.3,3-Trlme thyl- 
butene-1 

172 

.067 

.062- .090 

.167 

0 


Triisobutylene 

340-350 

.067 

.092- .10% 

.167 

0-3 

Aromatics 

Benzene 

176 

.075 

.063- .104 

.083 

0-37 


Ethylbenzene 

277 

.073 

.076- .100 

.104 

3-34 


Isopropylbenzene 

306 

.072 

.063- .100 

.111 

0-32 


1 ,2,4-Trimethyl- 
benzene 

337 

.072 

.076- .106 

.111 

3-47 


Triisopropyl- 

benzene 

465 

.070 

.073- .107 

.133 

5-44 

Dlcycllcs 

1-Methyl- 

naphthalene 

473 

.077 

.073- .114 

.076 

3-80 


Dime thy 1- 
naphthalene 

511 

.075 

.078- .102 

.083 

11-59 


Mono amyl- 
naphthalene 

535-606 

.073 

.069- .097 

.101 

9-50 


Tetralin 

405 

.073 

.076- .106 

.101 

7-61 

Mixed fuels 

Decalin 

Kerosene 

365-382 

302-486 

.069 

.064- .119 
.060- .106 

.150 

3-18 

0-5 
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Figure 2. - Calibration curve for photocell. 
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□ Six-carbon ring cycloparaffins 
O Olefins 
V Cyclooefins 
A Aromatics 


in 


0 10 20 30 4 o 50 60 

Average smoke, percent light absorbed 

Figure 4. - Effect of burning rate on smoking tendency of hydrocarbon fuels. 
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Figure 5» “ Variation of burning rate with boiling point. 
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Figure g. - Variation of smoke with fuel-air ratio for aromatic hydrocarbons. 
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